The rate of protein synthesis by Escherichia coli markedly decreased within 1 min after phage T4 infection, whereas a complete cessation of protein synthesis was observed within at least 25 sec after T4 ghost infection. The cellular level of amino acids and aminoacyl-transfer ribonucleic acid (tRNA) did not change drastically upon infection with ghosts, indicating that the inhibition of protein synthesis took place at a step(s) beyond aminoacyl-tRNA formation. The host messenger RNA remained intact and still bound to ribosomes shortly after ghost infection. Kinetic studies of the effect of ghosts on host protein synthesis revealed that nascent peptide chains on ribosomes were not released upon ghost infection.
The infection of Escherichia coli with T-even bacteriophage results in a rapid and large reduction of host-specific macromolecular synthesis and start of phage-specific macromolecular synthesis (2-5, 13, 15, 18, 20, 23) . There have been a number of reports which suggest that infection results in modifications of components of the host protein synthesizing machinery, such as transfer ribonucleic acid (tRNA) (30, 31) , aminoacyl-tRNA synthetase (21, 22) , and initiation factor (6, 17, 26, 29) . These modifications require protein synthesis in the infected bacterial cells. Unlike the infection with intact phage, infection with DNA-less phage particles, or "ghosts," results in a marked inhibition of cellular respiration (12) , and synthesis of protein, deoxyribonucleic acid (DNA), and RNA are all inhibited more efficiently by ghosts than by intact phage (7, 8, 10, 12) . However, the exact mechanism through which ghost infection inhibits host macromolecular synthesis remains obscure at the present moment.
In the experiments described in this communication, cells of E. coli B were infected with bacteriophage ghosts prepared by osmotic shock from phage T4D, and the effect of the ghost infection on the various steps involved in cellular protein synthesis was studied. It was found that E. coli protein synthesis was completely stopped within 25 sec after ghost infection. During this period, the level of amino acids, aminoacyltRNA, and messenger RNA (mRNA) appeared to stay the same as in the control cells. Data presented in this paper are consistent with the hypothesis that movement of ribosomes on mRNA may suddenly stop after ghost infection.
MATERIALS AND METHODS Organisms used. E. coli B was used as the host bacteria sensitive to phage T4D and its ghosts, and for the growth of T4D. An amber mutant of T4D, amB22, which has a mutation in gene 43 (DNA polymerase) and which does not express its late gene functions in the nonpermissive host (E. coli B), was grown on E. coli CR63.
Radioisotopes. L-14C-valine (248 mCi/mmole) and 14C-uracil (30 Adams (1) . Ghost stocks were prepared by osmotic shock of bacteriophage T4 and T4 amB22 by the method of Duckworth (personal communication). Two volumes of 3 M sodium acetate were added to one volume of the phage suspension which titered between 1 X 1012 to 1 X 1013 PFU/ml. Equilibration of the phage in the salt solution for 15 min at 0 C was followed by rapid dilution into 100 volumes of ice-cold distilled water. Inactivation of plaque-forming ability was usually greater than 97%. To this solution were added deoxyribonuclease (5 ,ug/ml final concentration) and MgCl2 (1 mm final concentration). This was incubated at 37 C for 15 min and centrifuged in a Sorvall SS-34 rotor at 6,000 rev/min for 15 mnin. The supematant fluid was further centrifuged at 150,000 X g for 2 hr in a Beckman Spinco ultracentrifuge. The pellets containing the ghosts were suspended in a small volume of the Tris medium and washed three times with the Tris medium. The final suspension was stored at 4 C until used. Approximately 50 to 60% of the original titer was recovered in this preparation.
The ghosts were titered by a modification of the method of Duckworth and Bessman (9) . Several 10-ml cultures of E. coli B (2 to 4 X 108 cells/ml) in TGA medium, nutrient broth, or in TY broth were placed in 125-ml Erlenmeyer flasks and supplemented with 20 pg of L-tryptophan per ml. Known volumes of ghost preparation were added to the cultures and the mixtures were allowed to stand at room temperature for 2 min. To each of these was added 0.1 ml of 0.05 M isopropyl-,3-D-thiogalactopyranoside, and the cultures were incubated with shaking at 37 C for 15 min. The cells were collected, washed once with Tris medium, and suspended in 5 ml of 0.02 M sodium phosphate buffer, pH 7.5. Each of the suspensions was treated with 0.2 ml of toluene at 37 C for 30 min with occasional vigorous stirring. Toluene was then removed by bubbling air through the suspension. Cell suspensions thus treated were assayed for ,B-galactosidase activity. One milliliter of the incubation mixture for the assay of g-galactosidase was made by mixing 0.2 ml of the suspension, 0.6 ml of 0.02 M sodium phosphate buffer (pH 7.5), and 0.2 ml of 0.005 M orthonitrophenyl-f3-D-galactopyranoside. The rate of hydrolysis of the substrate was determined by measuring the increase in the absorbancy at 420 nm for 5 min at 25 C. The enzyme activity was expressed by increase of optical density at 420 nm per min per unit volume of the suspension. The decrease in inducibility of ,B-galactosidase (as percent of the uninfected control) and the volume of the ghost suspension added were plotted, and the ghost titer was calculated from the 37% survival point at which the number of ghosts is presumably equal to the number of bacteria in the culture.
RESULTS
Effect of phage and ghost infection on amino acid incorporation by E. coli. Figure 1 illustrates the effect of infection with phage or ghosts on the incorporation of '4C-valine into protein by host cells. It is clear that infection with intact phage caused only a partial decrease in the rate of protein synthesis, whereas infection with ghosts caused an immediate and complete cessation. In both cases, the effect of infection was already evident 1 min after the addition of phage or ghosts.
To determine how rapidly the inhibition takes place upon ghost infection, the capacity of the infected cells to incorporate amino acids was tested in the following manner. The cells were exposed to ghosts for various periods, mixed with a culture medium containing '4C-valine, and allowed to incorporate the amino acid into protein for 5 ml in TG medium) was placed in a 50-ml flask and shaken at 37 C. In experiment 1, a 1.4-ml sample was removed, mixed immediately with 0.1 ,uCi of '4C-valine and 1.5 ,ug of 12C-valine, and then incubated at 37 C for 5 min. In experiments 2 to 4, ghosts of T4 amB22 were added to the culture at MOl of 8.5. Samples (1.4 ml) were removed at 15, 32, and 48 sec after the addition of ghosts and incubated with 14C-and 12C-valine as described above. Incorporation of the amino acid was terminated by the addition of 1.5 ml of 10% trichloroacetic acid 5 min after the addition of the radioactive amino acids.
experiment was carried out in which cells were exposed to '4C-valine for a short period, and the radioactivity incorporated into proteins was determined. As shown in Fig. 2 , after the addition of the amino acid, approximately 10 sec were required before the observable onset of the incorporation of radioactivity into protein. These observations suggest that the effect of ghost infection on host protein synthesis was manifested within 25 sec after the infection. This rapid effect of ghost infection is consistent with the earlier observations that cells induced for 3-galactosidase synthesis lose the capacity to form the enzyme immediately after infection with ghosts (7, 10) . Effect of ghost infection on precursors of protein synthesis. It has been established that the infection of E. coli with T-even bacteriophages makes the cell more permeable to certain acridine dyes (11, 16, 27) , and causes leakage of certain cations (28) and 32P-labeled materials (24, 25) from the infected cells. It therefore seemed possible that the sudden change in the rate of protein synthesis by E. coli after infection might be due to the loss of precursors of protein (amino acids and aminoacyl-tRNA). To examine this possibility, T4 ghosts were added to a culture of E. coli which had been actively incorporating 14C-valine for 2 min, and the radioactivity retained by these cells was determined. As shown in Fig. 3 , the total cellular radioactivity decreased only slowly. To estimate the size of the precursor pool, a pulsechase experiment was performed. In this experiment, cells were given 14C-valine for 2 min and the 12C-valine was added. As can be seen in this figure, after the addition of the unlabeled amino acid, the total cellular radioactivity decreased rapidly and then reached a plateau. The extent of the decrease due to ghost infection during the first minute was approximately 50% of the decrease caused by the addition of 12C-valine. These results suggest that the sudden cessation of host protein synthesis by ghost infection may not be caused by depletion of amino acids from cells because cessation of host protein synthesis took place much earlier than the decrease of cellular radioactivity by ghost. However, the possibility still remains that the 50% decrease of free amino acid within 1 min after the infection with ghost may have some bearing on the sudden cessation of protein synthesis.
A possibility existed, however, that the intracellular level of aminoacyl-tRNA might have dropped suddenly after ghost infection. To examine this possibility, cells were labeled with 14C-valine, and the radioactivity associated with RNA was determined before and after infection with ghosts. As shown in Table 2 aCells were grown in TG medium to a density of 2 X 108 cells/ml. The culture (10 ml) was mixed with 5, Ci of '4C-valine at zero time and incubated at 37 C. In experiments 2 and 4, ghosts were added at an MOI of 8. To stop metabolic processes, potassium cyanide (0.001 M final concentration) was added to the culture at the time indicated. Cells were collected by centrifugation and suspended in a buffer containing 5 mM MgC92, 0.06 M KCI, and 0.05 M sodium acetate (pH 5.5). After the suspension was frozen in dry ice-acetone and thawed at 37 C three times, 0.1 ml of 5%' sodium dodecyl sulfate and 2.1 ml of phenol saturated with the above mentioned buffer were added and the mixture was shaken for 5 min at room temperature.
To the aqueous layer (1.8 mnl) were added 1 mg of tRNA as a carrier, 0.2 ml of 20% sodium acetate (pH 5.2), and 4 ml of cold ethanol. The resulting mixture was allowed to stand at -20 C overnight. The precipitate was dissolved in 2 ml of 0.01 M potassium acetate buffer (pH 5.6). A portion (0.2 ml) of the sample was mixed with 0.8 ml of the same buffer containing 25 ,ug of ribonuclease per ml (Worthington Biochemical) and the mixture was incubated at 30 C for 15 min (b). Another portion (0.2 ml) was mixed with 0.8 ml of 0.1 M Tris-hydrochloride buffer (pH 9.0), and the mixture was incubated at 30 C for 60 min (c). After these treatments, RNA was precipitated with cold (4 C) 5C trichloroacetic acid, collected on a Millipore filter, and the radioactivity was counted. a Expt. 1: A culture of E. coli B (20 ml, 2 X 108 cells/ml in TG medium) was incubated with 2,uCi of 14C-uracil at 37 C for 5 min, washed once with the medium, and again incubated in 20 ml of fresh TG medium for 1 hr. Portions (3 ml) of the culture were removed before and 2 min after infection with T4 ghosts (MOI of 8). The cold trichloroacetic acid-insoluble radioactivity of 1 ml of the sample was determined. The rest of the sample (2 ml) was centrifuged at 5,000 X g for 10 min and the cold trichloroacetic acid-insoluble radioactivity of 1 ml of the supernatant fluid was also determined. Expt. 2: Procedures were identical with those described above except that cells were labeled with '4C-valine and hot (95 C) trichloroacetic acid-insoluble radioactivity was determined.
and RNA into acid-soluble materials within 2 min after ghost infection.
Effect of ghost infection on host mRNA.To examine the possibility that the cessation of host protein synthesis may be caused by a sudden degradation of host mRNA, the experiment shown in Fig. 4 was carried out. In this experiment, a culture of E. coli B was labeled with 14C-uracil during a short period and infected with T4 ghosts. The RNA extracted from this culture was then analyzed by sucrose density gradient centrifugation. It can be seen in this figure that the distribution of radioactivity on the gradient was not influenced by infection with ghosts. From this result it can be concluded that degradation of mRNA molecules present at the time of infection did not occur within the short period after ghost infection.
A possibility existed, however, that the cessation of host protein synthesis might be caused by a rapid release of host mRNA from ribosomes. To explore this possibility, the experiments shown in Fig. 5 were performed. In this experiment, a culture of cells was labeled with 14C-uracil for a short period, infected with ghosts, and ribosomes were isolated. As shown in Fig. 5a , the addition of ghosts to the culture inhibited the incorporation of "4C-uracil into RNA. However, the RNA synthesized prior to ghost infection remained associated with ribosomes even after ghost infection (Fig. 5b) . A remote possibility that some of the labeled RNA was integrated into the ribosomal structure in the form of ribosomal RNA was ruled out by a separate observation that the radioactivity on ribosomes could be released by treating a ribosomal complex with a buffer containing a low concentration of magnesium (10-4 M). These observations suggest that the infection with ghosts has no appreciable influence on preexisting host mRNA.
Fate of nascent polypeptides on ribosomes after ghost infection. One can imagine that the sudden Effect of ghost infection on the interaction of mRNA with ribosomes. Cells of E. coli B were grown in TGA medium to a density of4 X 108 cells/ml. The culture (70 ml) was mixed with 7 ,Ci of 14C-uracil acnd incubated at 37 C. Ghosts of T4 were given to 35 ml of the culture at 47 sec after the addition of 14C-uracil (MOI of8). Samples (5 ml) ofthe culture were removed ti variouis time intervals and immediately mixed with 5 In an attempt to pinpoint the action of ghosts among these possibilities, the experiment shown in Fig. 6 was performed. In this experiment, 14C-valine was added to a culture of E. coli, and ghosts were added 18 sec after the addition of the labeled amino acid. The incorporation of 14C-valine into total protein, the soluble fraction, and the ribosomal fraction was determined at various times before and after infection. As can be seen in Fig. 6a , infection with ghosts did not significantly decrease the radioactivity associated with ribosomes, but it considerably inhibited the increase of the radioactivity in the soluble fraction during this period. Figure 6b shows the time course of the ratio of radioactivity on ribosomes to the radioactivity of total proteins. This ratio rapidly decreased in uninfected control cells and approached an asymptotic level about 60 sec after the addition of 14C-valine. However, infection with ghosts virtually stopped the decrease in this ratio, and the ratio at the moment of infection remained almost unchanged thereafter. These results ruled out the possibility that the infection might have caused an abnormal release of nascent peptide chains from ribosomes.
DISCUSSION
The data presented in this paper indicate that the incorporation of amino acids into protein by E. coli was completely inhibited within 25 (14) found that in simultaneous mixed infection with T4 amSS and RNA phage M12, the parental RNA forms polysomes as efficiently as in control without T4 infection.
In an attempt to study the action of ghosts in more detail, cells incorporating 14C-valine into protein for a very short period were infected with ghosts, and the time course of the change in the radioactivity associated with ribosomes and the ratio of radioactivity of ribosomes to the radioactivity of total protein were studied. This ratio remained unchanged after ghost infection. These data are consistent with a hypothesis that ribosomal movement on mRNA is rapidly halted upon ghost infection. This conclusion agrees with the observation that mRNA is still intact and bound to ribosomes after infection. It appears, therefore, that a sudden release of nascent peptides from ribosomes does not take place after ghost infection. 
